FitzPatrick, Kathleen A. An investigative laboratory course in human physiology using computer technology and collaborative writing. Adv Physiol Educ 28: 112-119, 2004; 10.1152/advan.00007.2004.-Active investigative student-directed experiences in laboratory science are being encouraged by national science organizations. A growing body of evidence from classroom assessment supports their effectiveness. This study describes four years of implementation and assessment of an investigative laboratory course in human physiology for 65 second-year students in sports medicine and biology at a small private comprehensive college. The course builds on skills and abilities first introduced in an introductory investigations course and introduces additional higher-level skills and more complex human experimental models. In four multiweek experimental modules, involving neuromuscular, reflex, and cardiovascular physiology, by use of computerized hardware/software with a variety of transducers, students carry out self-designed experiments with human subjects and perform data collection and analysis, collaborative writing, and peer editing. In assessments, including standard course evaluations and the Salgains Web-based evaluation, student responses to this approach are enthusiastic, and gains in their skills and abilities are evident in their comments and in improved performance.
CURRENT RECOMMENDATIONS for science education, noted by the National Science Foundation (21) , National Research Council of the American Academies of Science (17) (18) (19) (20) , and the American Association for the Advancement of Science (2) (3) (4) , are supported by an increasing body of evidence from classroom assessment, which demonstrates the effectiveness of active, investigative pedagogies in developing the scientists of the future, as well as the scientific sophistication of the general student (1, 6-8, 12-15, 16, 22, 24, 26-28) . Beginning in 1997, the laboratory portion of our sophomore course in human physiology was revised incrementally, reaching its present form in 2000. Unlike a traditional lab that uses preset procedures to coordinate closely with and illustrate principles and lecture concepts, this lab is structured to develop students' abilities to do science as a physiologist does within the broad neuromuscular/sensory physiology framework. The goals of the new course are 1) to introduce active investigative skills in the scientific method through experiments designed by students themselves actively modeling the excitement of doing physiology and reinforcing physiological concepts from the lecture part of the course, 2) to develop skills in scientific communication through written and oral reports, 3) to develop skills in group collaboration and teamwork, and 4) to develop skills in the use of technology for data collection, analysis, presentation, and literature research. The revised course uses computer hardware/software packages for data collection (9) . On the basis of the positive responses to the physiology experience, our department designed a similarly investigative introductory lab course for all freshman department majors [Introduction to Biological Investigations (11) ]. Subsequently, the sophomore human physiology laboratory has elaborated on this foundation to enhance and practice skills introduced earlier, to develop an increased level of sophistication, and to add new, more advanced skills for future courses. This complementary approach across courses provides students with a consistent curriculum of repetition and practice of the knowledge, skills, and abilities involved in doing science while challenging them with the opportunity to continue to more advanced understanding and skills. In turn, this human physiology laboratory serves as a foundation for a higher-level exercise physiology lab experience.
METHODS
Context of the study. Our institution is a small (2,100 students), private, comprehensive college. In the last four years, 65 students (58% female, 42% male) completed the human physiology laboratory, which accompanies a semester-length lecture course covering nerve, endocrine, muscle, sensory, and some cardiovascular physiology. During this period, 101 students completed the lectures; thus 64% of the lecture students also took the laboratory section. In lab, the majority (83%) were sophomores, with a smaller number of junior (14%) and senior (3%) students transferring into the college and/or the major. The students were primarily majoring in sports medicine (78%), with smaller numbers of majors in biology (16%), health science (5%), and biochemistry (2%). Because the majority were sophomores, they had all completed courses in cell biology, biological investigations, and introductory genetics, as well as two terms of general chemistry. Sports Medicine students had also completed human anatomy, two clinical courses, and statistics; these students are preparing for careers and graduate study in athletic training, physical therapy, and exercise physiology. In recent years (2001, 2002, and 2003) , all students taking this class have completed our course in Biological Investigations during their first term in the college.
Students attended 12 weekly three-hour faculty-facilitated laboratory sessions (Table 1) . Initially, the unique features of experimentation with human subjects were introduced; informed consent and confidentiality were emphasized, and each student reviewed and signed a consent form and was assigned a numerical identifier to be used in all subsequent experiments. The instructor functions as an Institutional Review Board, to ensure the safety and ethical standards of the experiments.
Course organization and activities. In the initial weeks, miniexperiments were used to generate data and to review the techniques of computer graphing and simple statistics from previous classes. For example, students studied heart rate variation over time as an illustration of negative feedback regulation and homeostasis and compared mean, median, and mode resting heart rates of the class and of male vs. female subjects. In a second experiment introducing regression analysis, they attempted to correlate measured calf circumference to vertical jump height among class members. Spreadsheets were introduced for data collection, calculation, generation of presentationquality tables, and performance of statistical tests. During the second meeting, the concepts of validity and reliability in measurement were introduced to illustrate more advanced statistical concepts (t-tests, correlation). To examine intra-and intertester reliability, students repeated and compared duplicate measurements of 1) calf circumference, 2) skinfold thickness, and 3) joint range of motion. Professional librarians conducted one lab session in a library technology classroom, emphasizing the use of PubMed and other electronic databases for literature searches. Each lab team was then required to locate several journal articles and present orally to the class one primary paper on the topic of the first lab module.
During the remainder of the term, four experimental systems, presented in multiweek modules, examined 1) muscle function through electromyography, 2) motor point stimulation, nerve conduction, and dynamometry, 3) reflexes and reaction times, and 4) electrocardiography, pulse, and blood flow (Table 1 ). All the modules are based on the use of the PowerLab 4/20T System and Chart software (ADInstruments), which provide computerized data recording and analysis using multiple transducers. One week was devoted to the introduction of the PowerLab system, Chart software, and various transducers.
Each multiweek module began with a presentation of the system or model, background physiological concepts, and the techniques or methods and available transducers used to test hypotheses related to that system. For example, raw and integrated electromyographic responses from hand flexors and extensors, along with force output from dynamometry during various gripping movements, along with computer analysis techniques for the processing of raw data, were demonstrated. Students were then invited to experiment freely with the equipment to explore potential questions for further investigation. Research teams of four students then gathered to identify a question of interest, develop a specific, testable hypothesis, design well-controlled experiments, determine what data would be collected, and predict the ways in which the data would be managed and presented, guided by an experimental design sheet (APPENDIX 1, adapted from Ref. 5). The experimental design was discussed with the instructor and refined, and any additional necessary equipment was noted. The team chose a principal investigator (PI) for the experiment (5). The following week, before the lab session, the PI was required to submit the completed experimental design sheet and a draft of an Introduction section for the lab report. This included a specific hypothesis and background references for the study, with at least three primary sources. I reviewed both the design sheet and Introduction and returned them to the team with comments and suggestions for revision.
During the next session, the teams carried out the revised experiments, and the data were collected, organized, and analyzed. As all team members rotated through the experiment as subjects (unless medically contraindicated), the roles of computer operator, data recorder, and experiment director rotated among the students as well, giving each team member the opportunity to practice different roles and skills. Once the study began, I provided nondirective support and oversight (both for safety and for scientific process), to offer a sounding board for ideas and questions and served generally as a consultant, without dominating their direction.
After the lab, the teams met to discuss data analysis and prepare graphs and tables of results, which were submitted for comment and returned. I served as a consultant during the report writing and editing phase; many students often requested the opportunity outside of class time to talk through ideas, run drafts by me, and sit with me at the computer as they analyzed data or performed literature searches. These informal sessions provided a great chance for one-on-one discussion. I encouraged them to rely similarly on their teammates.
With this material in hand, the PI then created a draft of the complete report. The drafts were circulated to the team members, who reviewed them using a structured review sheet (modified from Ref. 5), along with the grading outline for reports (APPENDIX 2) to critique the draft. Drafts and reviews were returned to the PI, who then incorporated them into the final version of the report, which was handed in along with the reviewers' marked drafts and review sheets. The PI received a grade based on the final paper, whereas reviewers were graded on the quality, thoroughness, and insight of the review. The final draft and reviews were returned to the group with extensive written comments and suggestions, creating a portfolio of returned reports for reference to improve subsequent papers. For some modules, research teams met outside the lab to prepare presentations illustrated by posters, overheads, etc., and presented their findings to the class. The group discussed the results, and all students rated the presentation content and delivery by means of a brief checklist assessment. With each subsequent experiment, the role of PI rotated to a new student. In this scheme, each student served as PI for one experiment and as reviewer for three others.
Assessment. In all years, standard departmental teacher course evaluations were administered during the last class meeting of the term. The surveys, including numerical items relating to the instructor and narrative items relating to the course itself, were passed out at the beginning of the class, and students were allowed 10-15 minutes to write their responses anonymously. All students present completed the survey. All surveys were collected and analyzed.
In the most recent year, an additional, Web-based assessment, The Student Assessment of Learning Gains (Salgains) (23, 24) was added. The Salgains evaluates students' perceptions of their learning gains and the usefulness of a large variety of aspects of the course. The Salgains template was modified to fit the content and activities of this course. At the end of term, students received a handout describing the process for accessing and completing the instrument online, with a deadline at the final exam. Nine of 15 lab students completed the evaluation (60% response rate). Each question uses a Likert-type scale from 1 (lowest) to 5 (highest). Raw data, statistical summaries, and narrative responses were downloaded from the site following submission of final grades.
RESULTS
Sample titles of student-designed experiments are presented in Table 2 . As might be expected from a class of primarily sports medicine majors, many experiments related to responses to human movement and exercise.
On the numerical section of the lab teacher course evaluation (Table 3) regarding the item on "teaching techniques effective," responses on a four-point scale increased progressively from 2001 (mean Ϯ SD ϭ 3.13 Ϯ 0.52; mode ϭ 3), to 2003, the year in which the PowerLab system was introduced, (3.64 Ϯ 0.50; 4). In regard to "challenged to think critically, ask questions," responses also increased (3.38 Ϯ 0.62;3 to 3.71 Ϯ 0.47; 4). Before 2001, a different departmental evaluation with different numerically rated questions was used. As students arrived in the course more prepared after taking the foundation Investigations course (see data below) and as the physiology lab was revised and refined accordingly over this four-year period, students' reaction to the experience became more positive.
In response to the narrative item on the teacher course evaluation for lab asking students to identify "aspects of the course/instructor that were particularly effective or positive," many comments (16 of 65 ϭ 25%) explicitly identified the opportunity to design their own experiments and to peer review/edit. A positive response to the computer data collection system, particularly in 2003, was also noted ( Table 4) .
The evaluation also provides an opportunity for students to "state any constructive suggestions for improvement." Interestingly, none of the 65 surveys (0%) made any negative comment on the student-design format or the collaborativewriting component or suggested changing these to a more typical cookbook approach. Thirty surveys noted that no improvements were needed (46%). Suggestions for improvement in the course format mostly related to assignment timing and workload. Nine (six of these in 2001) of 65 surveys (14%) commented that they found the experiment design and peer review sheets lengthy and excessively detailed, while still acknowledging the effectiveness of the peer review concept. Difficulties in group scheduling were also raised by one student.
The Salgains data reinforce the effectiveness of this approach. Results pertaining to lab are presented in Table 5 . Relative to class activities, all means exceeded 3 (moderate help), whereas several exceeded 4 (much help); mode scores for these items were 4 or 5. In terms of how much the class had added to skills in various areas, again, all items exceeded 3 (somewhat) and four of six exceeded 4 (a lot); mode scores were 4 or 5, with the exception of oral presentations. The most highly rated items included writing and reviewing lab reports, designing experiments, and hands-on activities. The lowerrated items concerned lab teamwork and working with others, as well as oral reports and written lab instructions. (The lab manual created for the course intentionally provides little specific direction for the four experimental modules).
The Salgains instrument also offers the opportunity to add narrative comments to explain the numerical ratings; selected comments pertaining to lab appear in Table 6 . These help to reinforce the impression created by the numerical items.
As noted above, students arrive in this lab having completed our freshman course in Biological Investigations. The average grades on the first experimental design and report in physiology for students who had not had Investigations (physiology classes of 1998, 1999, 2000) were compared with those of students who had had the course in their first year (classes of 2001, 2002, 2003) . Average grades for students in the latter group (mean Ϯ SD ϭ 88.2 Ϯ 4.6; n ϭ 45) were significantly higher than for the former [82.8 Ϯ 6.4, n ϭ 57 (P Ͻ 0.001), 2-tailed t-test (11) ]. Since this foundation course was developed, students have arrived better prepared for this more advanced lab experience.
Throughout this lab course over the last four years, students showed small but significant improvement in their design/ review/report grades from the first to the last module. [mean Ϯ SD ϭ 87.4 Ϯ 4.6 to 88.8 Ϯ 3.9; n ϭ 65 (P ϭ 0.021), paired 2-tailed t-test]. In contrast, during the last two years prior to the beginning of course revisions (1995, 1996) , grades were lower, and no improvement was evident from the first to the last report-writing assignment [mean Ϯ SD ϭ 79.1 Ϯ 7.5 to 76.4 Ϯ 9.3; n ϭ 15 (P ϭ 0.529), paired 2-tailed t-test].
DISCUSSION
The positive subjective student response to the lab experience and the improvement in performance seen relative to that of the previous course and within the course support the effectiveness of this active student-directed and collaborative format in achieving the course goals. Students responded enthusiastically to the challenge of designing interesting experiments based on clear, testable hypotheses. They adapted very quickly to the computer data system. During the design and performance phases of the lab, students demonstrated a real sense of ownership and creativity in their work, as seen in Scale from 0 (not at all) to 4 (very much).
Teaching in the Laboratory
the comments in Table 4 . Teams often designed experiments that related to some of their other courses as well as to this one, often remarking that they had discussed similar ideas in a previous or current course. This establishing of connections between courses seemed to be a very positive feature of the experience. They were innovative in designing experiments that employed equipment not currently available in lab and obtaining it on their own initiative (free weights, Therabands, stability balls, aerobic steps, tape, splints, ice and hot packs, goniometers, etc.). On some occasions during the experiments, students used the equipment kits they carried for clinical evaluation of injuries. They also developed good organizational skills in switching roles, time management, and efficiency. For example, some groups streamlined their data collection and analysis by recording data in real time directly into Excel, rather than in notebooks or the ever-present loose sheets of paper. Students were also quite observant of the experiments of other groups, picking up hints for both improvement and efficiency and for avoiding problems and missteps from those around them. The experiments designed in this course were clearly more sophisticated than those in Investigations, reflecting the skills gained in that experience and increasing student intellectual maturity. Although the overall grades are fairly good, it is clear that in the Discussion section data interpretation and the relating of results to previous reports in the literature pose the greatest challenge to students. It was very evident to me, and to the students themselves, that the final drafts for each module were vastly improved from first drafts as a result of peer editing. Although some reviews were fairly minimal, particularly if the first draft was quite good, other reviews showed considerable independent effort in critiquing and rewriting the draft, in a way that was supportive to the writer. Students do show a reluctance to "criticize" the work of their friends; however, they do see the improvement in everyone's grades that results from constructive and encouraging reviews. Having the students design their own experiments fosters a great understanding of experimental design and methods Designing your own experiments definitely helped to understand the material and it was also interesting to learn about different programs on the computer The hands on experiments and instruments we were able to use like the EKG and Powerlab were extremely useful. I also liked the peer review ideas for the lab report I liked the set up of the lab where we design our own experiments and then only write one report while peer editing the others.
The lab was kept interesting and student designed to allow us to investigate what we found to be interesting for each topic.
I enjoyed applying what we learned in class to real-life circumstances. I also felt that by designing our own experiments, it was a valuable learning experience and will help prepare us for the future
The idea that we could design our own experiment was helpful and the PI approach to writing the lab reports were also helpful Liked how lab reports were done; Liked how labs were thought up by students rather (than) the professor
Allowed for creativity in designing experiments
Experiments that have something to do with real life was good
Flexibility . . . in allowing us to design our own experiments
The experiments are helpful in understanding concepts
Lab illustrated lecture topics in real life
This class was very time consuming but I got a lot out of it Peer reviews are a good idea use of software to collect data Learning how to use different computer equipment to test various physiological aspects was very effective Salgains, student assessment of learning gains.
Teaching in the Laboratory
The design used in this course offers many positive features. The human-based and hands-on nature of the lab is highly relevant to students who will be going on to careers and further study in applied clinical fields. This elicits a high level of interest, and the opportunity to pursue questions of their own design provides a sense of ownership of the studies. Initiative, creativity, and the making of connections between the many other courses in their program of study help to reinforce learning. The use of a computerized data collection package with a large variety of transducers maximizes the variety of possible experiments and minimizes set-up and learning time for each subsequent module. The ability to collaborate and work effectively as a member of a team is highly valued in health care and research settings. The team-based design, writing, and revision approach described here fosters those abilities. The process of writing, editing, and revising multiple drafts of written work helps in developing effective communication. Students often remark that, in contrast to more passive cookbook labs, the self-designed approach reveals to them the complexity of research activity and the need for constant initiative, trouble shooting, revision, creativity, adaptation, and flexibility as an experiment is performed. Thus students become more self-directed and confident in their abilities. For the instructor, this experience is far more stimulating intellectually, as it involves doing science, rather than talking about its results. The ability to work closely with students in the capacity of mentor is a more rewarding way to teach. Students get the chance to see and participate in the process by which the instructor thinks through a problem, modeling good practice.
There are also challenges to this approach. For the instructor, student-design formats require a judicious balance between being too directive and controlling on the one hand and being too hands-off on the other. This balance can be learned over time. During the lab, the presence of several groups, each performing completely different experiments, can generate a three-ring circus atmosphere that requires a high level of vigilance, adaptability, and quick thinking from the instructor. The final report packages can be daunting, often an inch thick per group, with an experimental design plan, final report, three first drafts, three reviews, etc. The grading of these packages requires at least two to three times more instructor hours but is also more rewarding in that the review process really does lead to improvement. A significant investment of time outside class is needed, not only for grading but for meeting with individuals and groups. This chance to work with students more as scientific collaborators in a more creative and stimulating way compensates for the extra time invested.
The financial investment to acquire a system like PowerLab and the required computers is initially large; however, there are no costs in subsequent years for consumables. Students adapted readily to the computerized format. Because all PowerLab components work similarly off the Chart software, there is very little relearning required between experiments. The ease of set-up and the sophisticated data analysis and data processing made possible by the software fit very well with a student-design format. Before 2003, a different, older data collection system had been used and was a frequent complaint on evaluations. The very positive response to the technological aspects of this year's class reflects the importance of current, updated equipment.
In terms of the student experiments, some problems are inherent to this set-up. In groups of four, the subject number is small, and students find that differences that appear large between treatments usually do not prove to be statistically significant. This provides opportunities for discussion of sample size, individual variation, controls, and other concepts. They are often surprised in exercise physiology in working with a large database that smaller differences achieve significance when the n is large. Students note the greater complexity of human research and the difficulty of controlling all potential confounding variables. They see the differences and challenges of this work in contrast to the simple cellular, molecular, and invertebrate systems that they have worked with before. Issues of bias also arise in this design; because team members are subjects, they are not blind to the hypothesis and expected outcome. Although this is unavoidable in this setting, students often think to literally blindfold subjects during the experiment so they cannot see the data on the computer screen as it is gathered and obtain feedback that might alter their responses. Again, this is a fruitful area of discussion.
As noted above, the uses of primary literature and data interpretation are areas that challenge students most. More concentration on reading and interpreting primary literature is clearly needed at this level, and upper level courses in our department emphasize these abilities in much more detail.
Group work presents its own challenges. Although several comments note the benefits of peer review, the typical complaints of uneven participation, time constraints, and difficulty scheduling group meetings are often raised. This is reflected in the somewhat lower Salgains results for questions in this area. Most college faculty were not trained in group facilitation, and this area needs a lot of attention to help make the experience a positive one. It might be helpful to include in the grade an anonymous peer review of the relative contribution of group Table 6 . Selected Salgains evaluation narrative comments pertaining to laboratory in human physiology (2003; n ϭ 9) . . . labs were great, and was able to become familiar with different tools and measuring tools such as the POWERLAB system. I really liked the exposure to that.
The hands-on experience performing the experiments really helped to understand the material Even though designing and carrying out the lab experiments took a lot of time and effort, it helped me to think critically and "outside of the box." I think I benefitted more from the mistakes we made with the lab experiments because Dr. F. would tell us why things happened and what to do in the future.
The peer editing idea was great, I got a lot out of that, gave me ideas on how to approach reports better.
I definitely gained skills in designing experiments and finding research for writing lab reports.
members at midterm and finals time. This would help to spot problems early on for correction. I have encouraged more electronic communication between students via e-mail. Designs, drafts, and reviews can pass back and forth without the need for face-to-face meetings, and more recently I have made all course documents available on the course Blackboard website. Unfortunately, some students remain a bit computerphobic about electronic communication and require encouragement to move beyond paper-and-pencil editing. Reluctance to speak in public and to respond spontaneously to questions, along with a lack of self-confidence, can make the experience of oral presentations painful for some students. It is important to create opportunities for repeated practice to desensitize students to the setting and to model constructive, nonthreatening critiques stressing learning positively from peers. Although an anonymous review of lab reports is best to encourage honest feedback, our lab classes are limited to 12 students, and in this group they tend to have several classes in common, making anonymity somewhat unrealistic. Sometimes, reports are assigned to members of other teams for review. This helps to encourage writers to communicate clearly with those not intimately familiar with experiment. This course represents an intermediate level in a continuum of courses, each building on the previous one to enhance and reinforce the original goals. In Biological Investigations, students practice simple experimental design in a variety of systems, begin computer graphing, and use simple descriptive statistics. They are introduced to information literacy and use of the library in locating primarily secondary and tertiary sources and general science periodicals. They practice giving and reviewing group oral presentations and individual scientific writing, first generating individual report sections, then revising and building up to complete reports. In this physiology lab, they extend their work to human subjects and practice more complex experimental design, begin the use of Excel, PubMed, and primary sources, and acquire more advanced statistical analysis methods (correlations, t-tests, ANOVA). They are introduced to peer writing and review. In my subsequent junior-level course in exercise physiology, peer writing and review are continued. Because accreditation requirements make it necessary to teach specific physical assessment techniques in lab, the experiments performed are not student designed. Here, testing data on several aspects of human fitness and performance for each year's class is added to a database from previous years. Students learn to work with a large database (140 subjects) to form and test hypotheses. For example, they might examine the correlation between different predictive tests for maximal oxygen consumption within and across subpopulations (male vs. female; athlete vs. nonathlete). At this level, more extensive and thorough literature research, more advanced statistics, and more creative and thoughtful writing and reviews are expected.
Many recent reports describe the effectiveness of studentdirected investigative lab activities in courses in different subject matter at different levels. The positive features reported here are consistent with those reported by other faculty implementing investigative labs in first-year courses (7, (11) (12) (13) (14) 27) . A more positive relationship between achievement and hands-on labs for introductory biology in the inquiry-based model compared with cookbook labs was noted. In addition, female students participated more equally, compared with males, in both manipulation and discussion in the inquirybased model (22) . Students identified similar features of creativity, enhanced understanding, critical thinking, group skills, and increased interest as positive aspects of the experience in a molecular biology lab (1), an investigative exercise physiology lab (8, 15) , an investigative ecology lab (16), a comparative anatomy-physiology lab in which investigative skills are developed incrementally throughout the term (6) , and in microbiology (26) and molecular biology courses (28) . Although the model may be implemented in different ways (singlesemester-length projects, single-meeting projects, multipleweek modules) and emphasize different skills within the investigative framework, (design, writing, oral communication, literature research, technology use, collaborative skills, etc.), these studies all support the effectiveness and benefits of the investigative model. Doing science is an exciting and challenging activity, and the more deeply we can involve our students actively in it, the more satisfaction we will collectively find in our experiences.
APPENDIX 1

BI 316 Human Physiology Laboratory Experimental Design
Worksheet (adapted and modified from www.bates.edu/ϳganderso/ biology/resources/expdesign.html).
What is the general topic/question/problem you want to investigate?
Form a specific testable hypothesis that will allow you to answer this question. Remember that a good hypothesis makes a specific prediction about the expected outcome(s) of the planned experiment that will allow you to accept or reject your hypothesis.
2. In your hypothesis, identify the variable that you will manipulate (independent variable). Identify the variable that you will measure (dependent variable) to test the effect of manipulation of the independent variable above. Indicate units of measurement of both variables.
3. What is/are the treatment(s) or different levels/variations/categories of the independent variable that you will test? Be specific with quantitative parameters (for example, you might test the ability of stimulus voltages of 10, 20, 30, 40, and 50 V to evoke a muscle contraction; this would be five treatments).
Is your independent variable continuous (for example, a range of values of stimulus voltages or a range of solution concentrations in g/l) or is it discontinuous/categorical (for example, male and female or biceps and triceps muscles)? This is important to understand, as it dictates the type of graph you might use to represent the results.
What type of graph is generally used to depict results of an experiment with a continuous independent variable? With a discontinuous variable?
4. What is/are your control(s) for the variable(s) being tested? This is the standard to which you will compare the results of your treatments to determine whether they are really having an effect. The control condition should be as identical as possible to the treatment conditions, with the exception that the treatment is not given. For example, in testing drug effects of a frog heart, the control might involve adding the same amount of solution in the same solvent at the same temperature, but with a drug concentration of 0.
Define the terms positive and negative controls. What will each control tell you? Do you have both in your experiment? 5. What is one replicate (e.g., measurement, observation, trial) in your experiment? How many replicates in each treatment level and control will there be? How many subjects will be used? Consider how long it takes to get one observation and how much time you have. The total number of data points in the experiment is equal to the (number of subject) times the (number of treatments and controls) times the (number of replicates for each treatment ϩ each control). For exam-ple, if we tested 5 subjects times (5 treatment voltages and control) times (3 replicates per treatment), we would have 90 data points.
6. How will your data be summarized and/or normalized (i.e., mean of number of replicates for each treatment Ϯ SD, % of control, etc.)? Show relevant calculations and indicate the statistical tests/analysis you'll perform. For example, how will you know if the mean of a particular treatment level is really different from the control mean? It is prudent to make sure you can analyze the data later using routine statistics to distinguish differences due to random variation from those due to the treatment.
7. How will your data be presented? For graphic presentation, draw an example of the type of graph and the variables to be plotted, clearly indicating what the graph should look like if the data support your original hypothesis. For KaleidaGraph/Excel users, consider how the data sheet will be set up to facilitate analysis and graphing of the data.
8. Outline the step-by-step procedure you'll use to obtain a single measurement or observation, and be sure to specify all the quantitative parameters (how much, how long, when, what dose, etc.) and the equipment used for each step. This must be precise and clear enough that anyone can do it with a consistent level of accuracy and complete enough for anyone to replicate your experiment with comparable equipment.
9. State any assumptions you are making in doing this experiment and justify them, i.e., explain your rationale for making them. For example, in a human physiology experiment, are you assuming that male and female subjects will react the same to the same treatment? Often, assumptions that are taken for granted and not examined may introduce differences not due to the treatments being studied. How will know if your assumptions are not met?
10. List all materials you will need that have not been provided already. 
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